The morphological variation of Aegla neuquensis and A. riolimayana was studied using a geometric morphometric. Specimens included both allopatric and sympatric populations from rivers and lakes of the Argentinean Patagonia. Cephalothorax shape was analyzed throughout 16 landmarks representing the half configurations of all specimens after symmetrization process. Ordination analysis of the weight matrix revealed a clear distinction between the two species. Multivariate test run on the weight matrix for A. neuquensis and A. riolimayana was highly significant (P , 0.0001). Females and males of the two species differ significantly (P , 0.0001). Females of A. neuquensis and A. riolimayana present a wider posterior region, probably to carry eggs and juveniles. The first relative warp clearly indicates a difference in the shape of crabs inhabiting rivers vs. those living in lakes (P , 0.0001). Lake specimens show a more compact rostrum than river individuals. This is probably associated with the difference in the dynamics of both systems. The shape of A. neuquensis in allopatric populations appears to be similar to the shape of A. riolimayana, while sympatric populations appear much closer to the ''typical'' A. neuquensis shape. Thus, allopatric populations appear in some way to expand their shape toward A. riolimayana.
INTRODUCTION
Aeglidae Dana, 1952 is a monotypic family including the only freshwater crabs of the infraorder Anomura. The family is endemic to southern South America, and it occurs in Argentina, Chile, Uruguay, Paraguay, Bolivia, and Brazil (Bond-Buckup, 1994) . Aegla includes about 63 species and sub-species the systematic and phylogenetic relationships of which remain unclear (Pérez-Losada et al., 2004) because new species continue to be described.
The high morphological variability of the family has been investigated by several researchers (Schmitt, 1942; Vaz-Ferreira et al., 1945; Ringuelet, 1948a Ringuelet, , b, 1949a Ringuelet, , b, c, 1960 Williamson and Martínez Fontes, 1955; Lopretto, 1978a Lopretto, , 1979 Lopretto, , 1981 Jara and López, 1981; Martin, 1984; Jara, 1986; Martin and Abele, 1988; Schuldt et al., 1988; Giri and Collins, 2004) , who stressed the difficulties in establishing a clear distinction between the species. For example, Ringuelet (1948a) outlines ''. . . the difficulty of separating clearly the specific entities. The real state of some species could not be clear without having a high number of individuals and without the compared study of different populations' samples . . . '' The morphological variation of the two taxa, Aegla neuquensis and A. riolimayana was first described by Schmitt (1942) in his ''pioneer'' work. He considered Aegla neuquensis and A. riolimayana as two species. Since then, A. neuquensis was described by Ringuelet (1948b) with two subspecies, i.e., A. n. neuquensis and A. n. affinis. A. riolimayana was considered by Ringuelet (1949a) as a subspecies of A. abtao, i.e., A. abtao riolimayana. Schuldt et al. (1988) outlined the similarities and characters which overlap in A. neuquensis and A. riolimayana from Lake Huechulafquen. Thus, they suggested the two taxa should be considered as subspecies. However, more recently Bond- Buckup and Buckup (1994) considered the three taxa as different species, i.e., A. neuquensis, A. affinis, and A. riolimayana.
The range of A. neuquensis extends from the Neuquén and Río Negro provinces, to the southern part of the province of Mendoza and the northern part of the province of Chubut (Fig. 1A) in Argentina. A. riolimayana occurs in the Neuquén and Río Negro provinces in Argentina, where it overlaps with A. neuquensis, (Fig. 1A ) and in Southern Chile (Bond-Buckup and Buckup, 1994) . The two species inhabit a wide range of freshwater habitats, from the running waters of mountain streams to the medium and low width rivers and lakes.
The field of morphometrics has recently undergone a revolution in which traditional approaches based on sets of distance measurements have given way to geometric methods (Rohlf and Marcus, 1993) . These new methods capture shape using the Cartesian coordinates of homologous landmarks after non-shape variation (specimen location, orientation and size) has been removed from the data. These methods are quite powerful, generate a set of shape variables that can be used for statistical hypothesis testing, and provide a way of visually describing patterns of shape differences in the data (Adams, 1999) . This can be done through deformation grids inspired by those presented by D.
W. Thompson (1917) . It also makes it possible to analyze the covariation of shape and other variables as an integral part of organism biology (Adams, 1999) .
The aim of this paper is to contribute to the clarification of the taxonomy of the two species and to determine the influence of sexual dimorphism, habitat and species interactions through geometric morphometric tools. The present study represents a first application of geometric morphometrics to the analysis of size and shape variation of A. neuquensis and A. riolimayana in an area which covers most of their present range.
MATERIAL AND METHODS

Specimen Selection
Data were recorded on 157 specimens of A. neuquensis, 84 specimens of A. riolimayana, and 69 specimens, here defined as ''intermediate''. These intermediate specimens were already described by Ringuelet (1948b) and Schuldt et al. (1988) as showing characters of both species, i.e., spines in the ischium of cheliped basis, spines in the epimerous 2, and spines in the 3 and 4 thoracic sternite. The specimens came from localities in the Limay, Río Negro, Neuquén, Colorado, and Sengerr and Chico River Basins (Fig.  1B ). Samples were either from a museum collection, or collected on the field by one of the authors. Samples included both allopatric and sympatric populations. Details on sample sizes, sample localities, and collections are reported in Appendix 1.
Digital pictures of all specimens were taken using a SONY DSC-F717 camera, placed at a fixed distance of 15 cm from the specimen. Thirty landmarks were recorded on the dorsal projection of the cephalothorax through the tpsDig program (Rohlf, 2004a) . Description and location of landmarks are reported in Figure 2 and Table 1 .
Symmetrization Process
To reduce redundancy due to symmetrical landmarks, each configuration was subjected to a procedure of symmetrization based on Mardia et al. (2000) . Each configuration was reflected on the symmetry axis corresponding to the line between L1 and L16 (Fig. 2) . A reflected configuration was created by multiplying the x coordinate of each landmark by À1. The new symmetric landmarks were then renumbered using the SWAP option in MORPHEUS (Slice, 2000) . The original and the reflected matrices were then joined using the APPEND option in tpsUtil program (Rohlf, 2004b) . The new file was entered in the tpsRelw program (Rohlf, 2005) to produce a consensus configuration between the original and the reflected configurations. Finally, the symmetric landmarks of one side were eliminated to obtain the 16 landmarks representing the half configurations of all specimens. Half configurations were then appended to produce the final matrix to be submitted to all successive analyses. It is important to note that the centroid size was computed on original configurations prior to the symmetrization process.
Geometric Morphometric Analyses
Half configurations were superimposed through the Generalized Procrustes Analysis (GPA, Rohlf and Slice, 1999) in the tpsRelw program. Shape variation between samples was first explored through the analysis of Relative Warp scores computed on the weight matrix derived from residuals from superimposition. Patterns of intra-and interspecific variation were then subjected to canonical variate analyses to detect morphometric relationships in the samples. Finally, the tpsRegr program (Rohlf, 2004c) was used to detect and visualize the relationship between shape variables and patterns of variation in the canonical space.
Statistical Analyses
ANOVA and MANOVA run on centroid sizes and shape variables were used to test differences in size and shape within and between species. Also CVA was used to test shape relationships between sexes of each species and shapes in sympatric and allopatric conditions. 
RESULTS
Interspecific Variation
Ordination analysis of the weight matrix derived from the whole sample revealed a clear distinction between two clusters, as shown by the scatter plot of the first two relative warp axes (accounting for 29.46% and 20.16% of cumulative variance respectively) (Fig. 3) . One cluster includes all the specimens belonging to A. neuquensis and all the specimens described as intermediate. The second cluster includes all specimens of A. riolimayana. This result suggests that the intermediate specimens are closely related to A. neuquensis and have no relationship with A. riolimayana. The multivariate test run on the weight matrix considering the two groups (A. neuquensis þ intermediate vs. A. riolimayana) was highly significant (Wilks' k ¼ 0.197, F ¼ 46.423, P , 0.0001). To date there are no data available to confirm the absence of gene flow between the intermediate group and A. riolimayana. Therefore, these specimens were not considered in all the successive analyses.
The distinction between A. riolimayana and A. neuquensis was particularly evident on the first relative warp (RW1). Deformation grids corresponding to the extremes of variation along this axis help visualize shape differences between the two taxa (Fig. 3) . In general, A. riolimayana has a slenderer cephalothorax than A. neuquensis, with a prominent and sharpened rostrum. The middle region of the cephalothorax shows an opposite expansion-shrinking pattern compared to the anterior and posterior regions. Thus, A. neuquensis has a wider middle cephalothorax (landmark 7) and narrower anterior (landmark 4) and posterior (landmark 8 and 9) regions. Moreover, the orbital sine formed by the landmarks 1, 2, and 3 has an obtuse angle in A. riolimayana.
t test comparisons of centroid size between males and females of A. neuquensis and A. riolimayana did not indicate any significant difference in size between the males of the two species (t ¼ 1.718, P ¼ 0.09), while differences were significant for females (t ¼ 3.771, P , 0.0001). In both comparisons A. neuquensis showed a larger size than A. riolimayana.
Intraspecific Variation: Sexual Dimorphism
Results on sexual dimorphism are reported for the two species separately, taking into account both size and shape variation. Figure 4 shows the canonical variate scores derived from the weight matrix of A. neuquensis. Females and males differ significantly in the shape of the cephalothorax (Wilks' k ¼ 0.320, P , 0.0001). Vectors showing displacement at each landmark, derived from regression on CV1 scores on the shape variables helped visualize major shape differences between the two sexes. Females are characterized by a wider posterior region (landmark 8, 9, 15 and 16) and a larger areola (landmark 13, 14, 15 and 16). Furthermore, the rostrum of females is smaller compared to males. Females are also significantly smaller than males (t test ¼ À2.528, F centroid size ¼ 6.39, P ¼ 0.012) Sexual shape differences are also highly significant (Wilks' k ¼ 0.199, P , 0.0001) in A. riolimayana, as well as in A. neuquensis. Females present a wider posterior region, while the areola is smaller in males. Also, in this species the rostrum does not appear to be a sexual dimorphic trait (Fig. 5) .
Size variation between sexes was again significant at P ¼ 0.001 (t test ¼ À3.453, F centroid size ¼ 10.97), with males being larger than females. It is also interesting to note that in this species size is highly variable in males and almost constant in females (Fig. 6) . As sexual dimorphism revealed to affect shape variation within species, successive analyses were run considering only male specimens.
Shape Changes According to Habitat
Relative warp analysis of the weight matrix was run on the A. neuquensis male sample in order to find any geographic or ecological pattern of variation. Visual inspection of the scatter plot for the first two relative warp scores did not reveal any evidence of geographic gradient for the shape variation of A. neuquensis.
However, variation along the first relative warp clearly indicated a difference in the shape of the cephalothorax of crabs inhabiting rivers vs. those living in lakes (Fig. 7) . The multivariate test run on the weight matrix for the two groups confirmed that these differences are highly significant (Wilks' k ¼ 0.083, P , 0.0001). Deformation grids related to variation along the first relative warp axis highlighted differences in the shape of the rostrum. Lake specimens showed a more compact (shorter and wider) rostrum than river individuals. Moreover, they have a longer posterior region of the cephalothorax, with landmark 8 displaced further back compared to river crabs (Fig. 7) .
Populations from rivers and lakes also differed significantly in size, being lake specimens smaller (F centroid size ¼ 29.659, P , 0.0001).
Sympatric vs. Allopatric Specimens
Finally, we evaluated the possible effect of interspecific competition between A. neuquensis and A. riolimayana on the size and the shape of the cephalothorax. To avoid the effect of sexual dimorphism and environmental variation, the analysis was restricted to A. neuquensis males from the river only. Samples were then classified as sympatric (when the sample locality includes specimens of both species, as reported in Appendix 1), potentially sympatric (when the sample locality falls within the overlapping range of the two species, but only A. neuquensis was collected), and allopatric (when the sample locality refers to a geographic area were A. riolimayana does not occur). The three groups were then compared through canonical variate analysis of shape variables.
Sympatric, potentially sympatric and allopatric specimens were clearly distinct on (Wilks' k ¼ 0.107, P ¼ 0.002). Thin plate spline-deformation grids derived from regression of CV1 scores on the shape variables, a multivariate regression was performed using the tpsRegr software (Rohlf, 2004c) made it possible to visualize the changes in the shape of the cephalothorax, which is possibly related to competitive interactions. Allopatric specimens have a slenderer cephalothorax than sympatric and potential sympatric specimens. The middle and posterior region of the cephalothorax is also wider (landmark 7, 8 and 9) in allopatric specimens. The anterior region of the cephalothorax (landmarks 2-4) is wider in sympatric and potential sympatric specimens (Fig. 8) . However, size variation between sympatric, potentially sympatric and allopatric specimens was not significant (F centroid size ¼ 0.014, P ¼ 0.986).
DISCUSSION
Interspecific Variation
Despite the wide overlapping of morphological characters reported by many authors (Schmitt, 1942; Ringuelet, 1959; Schuldt et al., 1988; Bond-Buckup and Buckup, 1994) , the geometric morphometric analysis revealed a clear distinction in the shape of the cephalothorax between A. riolimayana and A. neuquensis. Even the shape of the carapace of all the specimens described as intermediate appeared to be very similar to that of A. neuquensis, suggesting that these specimens represent an expression of intraspecific variation. Our analysis of the forehead shape of the two species confirmed the diagnostic value for this cephalothorax region already proposed by Ringuelet (1948b) and Schuldt et al. (1988) . Furthermore, the size differences found between the two species are in accordance with those reported by Ringuelet (1948b) for the two species, with A. neuquensis considered as a medium-size species (up to 32 mm) and A. riolimayana as a small-size species (up to 27 mm).
Intraspecific Variation: Sexual Dimorphism Significant differences were revealed in the shape and size of the cephalothorax of males and females. In both species, females are always smaller than males, and show a wider posterior region with a larger areola. By contrast, the shape of the rostrum would be a sexual dimorphic character only in A. riolimayana, being smaller in females.
These sexual dimorphic traits, i.e., a wider posterior cephalothorax region in females, which is probably linked to a wider pleon required by females in order to carry eggs and juveniles, were already known in A. neuquensis (BondBuckup and Buckup, 1994), A. platensis, A. uruguayana (Giri and Collins, 2004) , and in other species of Decapoda (López, 1965; Lopretto, 1978b; Jara, 1994; Magalhães and Türkay, 1996) . However, they have never been described for A. riolimayana.
Other sexual differences were observed by Jara (1994) in A. pewenchae, where the cephalothorax length of females is shorter than in males. Bond-Buckup and Buckup (1994) also found sexual dimorphism in specimens of A. neuquensis. He found significant differences in the distal length of the rostrum and the maximum width of the cornea; the width of the orbit and the extraorbital sine length, and between the length and width of the areola. These differences were coherent with our results for the A. neuquensis specimens analyzed.
Shape Changes According to Habitat
Our analyses revealed that river specimens are larger in size and have a slenderer cephalothorax than the specimens inhabiting the lakes. Early Ringuelet (1949a) suggested that the tendency towards a reduction in the length of the rostrum and width of the forehead (accompanied by a reduction of the ornamentation) represents an adaptation to life among rocks or sand stratum of rivers and streams. Generally, most of the data available in literature on shape differences between rivers and lakes describe the differences in spinulation and ornamentation of the cephalothorax (Jara, 1977 (Jara, , 1982 (Jara, , 1989 (Jara, , 1999 , while little is known about general shape and size variation between these two ecotypes. Jara (1989) found that the specimens of A. denticulata lacustris from lakes are larger than A. d. denticulata from the rivers contrasting with our results.
It is also interesting to note that the shape of the cephalothorax is more variable in the populations living in rivers compared to those inhabiting lakes (Fig. 7) . This could be related to the fact that rivers and streams are more dynamic systems (Wetzel, 2001) , varying in both resource availability or accessibility, current flow and physical and chemical conditions, while lakes are considered more stable systems. Furthermore, crab predators and their efficiency are different in each habitat (Correia, 2001; Vadeboncoeur et al., 2002) . Another point that could account for the variability in the shape of crabs could be the greater mobility and connectivity among the crab populations living in rivers. Thus, the highest shape variation found among river populations may indicate a characteristic to a highly variable environment.
Sympatric vs. Allopatric Specimens Shape changes associated to differences between sympatric and allopatric populations of A. neuquensis are surprisingly similar, even if to a lesser degree (Fig. 9) , to shape changes that characterize the distinction between A. riolimayana and A. neuquensis (Fig. 3) . In fact, the shape of the cephalothorax in allopatric populations appears to be similar to the shape of the cephalothorax of A. riolimayana, while sympatric populations appear much closer to the ''typical'' A. neuquensis shape. Therefore, allopatric populations appear in some way to expand their shape toward A. riolimayana. This expansion may possibly be related to an expansion of their ecological niche made possible by the absence of competition with A. riolimayana. This character relaxation can also be indicated by the higher variability of consensus configurations (i.e., mean configurations) of sympatric vs. allopatric populations (Fig. 9 ). According to Lister (1976, in Losos and De Queiroz, 1997) and Schoener (1986, in Losos and De Queiroz, 1997) organisms expand their resource use and incorporate new resources that are not usually used in their ancestral environment, thus the absence of any direct competitor may lead to an ecological release: this is evidently the case for the shape of the cephalothorax of the crabs. In the presence of a competitor like A. riolimayana, A. neuquensis should limit their niche and present a restricted cephalothorax shape, thus facilitating the coexistence of both species.
A first hypothesis of these shape variations could be related to spatial competition as to: find a shelter to diminish predation risk, to obtain food or it could have reproductive implications (Abrams, 1980; Eggleston and Lipcius, 1992; Nakata and Goshima, 2003) . In this case A. riolimayana could be a dominant species and displace the A. neuquensis specimens as it happens among other decapods (Williner and Collins, 2000; Turra and Leite, 2001; Collins, 2005) .
Future experimental data on the ecological features and behaviour of the two species in sympatric conditions will make it possible to clarify the mechanisms and dynamics of species interactions, and to eventually confirm the hypothesis suggested by the shape space shifting observed. Also genetic tools could provide the answer to our questions.
